Highly Transparent and Conductive ZTO/Ag/ZTO Multilayer Top Electrodes for Large Area Organic Solar Cells  by Schmidt, Hans et al.
 Energy Procedia  31 ( 2012 )  110 – 116 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the European Material Research Society (E-MRS)
doi: 10.1016/j.egypro.2012.11.172 
E-MRS Spring Meeting 2011, Symposium S: Organic Photovoltaics: Science and Technology 
Highly transparent and conductive ZTO/Ag/ZTO multilayer 
top electrodes for large area organic solar cells 
Hans Schmidta, Thomas Winklera, Thomas Riedlb, Ihno Baumanna, Harald 
Flüggea, Stephan Schmalea, Hans-Hermann Johannesa, Torsten Rabea*, Sami 
Hamwia, Wolfgang Kowalskya 
aInstitut für Hochfrequenztechnik, Technische Universität Braunschweig, 38106 Braunschweig, Germany 
bInstitute of Electronic Devices, Bergische Universität Wuppertal, Rainer-Gruenter Str. 21, 42119 Wuppertal, Germany 
Abstract 
Transparent multilayer electrodes prepared by rf sputtering of zinc tin oxide (ZTO) and thermal evaporation of silver 
(Ag) as contact for organic electronics are reported. This multilayer has similar optical properties in the VIS range 
compared with ITO, though a significantly higher conductivity. Specifically we study the electrical and optical 
properties of the novel multilayer electrode and use it as bottom and top contact for semitransparent bulk hetero 
junction (BHJ) [poly(3-hexylthiophene): (6,6)-phenyl C61 butyric acid methyl ester] solar cells with an inverted 
device architecture.  
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1. Introduction 
Polymer photovoltaic cells have emerged as promising technology for large-area, flexible, mobile, and 
low-cost power generation applications [1][2] and power conversion efficiencies (PCE) up to 5-8% have 
recently been reported [3-5]. Due to the pronounced absorption features of various organic absorber 
molecules it is possible to realize semitransparent solar cells, which can be designed to transmit light in a 
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specific range. Thus colored see-through photovoltaic elements, e.g. power window applications [6], are 
possible. Compared to conventional solar cells, for preparation of semitransparent organic devices, one 
challenge is related to the transparent top electrode. As most of the organic layers used in organic 
electronics are very brittle and are not stable at high temperatures, the process parameters to deposit the 
transparent top electrode are limited. One approach for the transparent top electrode is using thin metal 
films [7]. Another approach is employing transparent conductive oxides (TCO) as tin-doped indium oxide 
(ITO) or aluminum doped zinc oxide (AZO) as top electrode. Bailey-Salzman et al. reported a metal-free, 
ITO-only, single cell [8]. Though, in this case the efficiency of 0.28 % not satisfactory probably due to 
sputter damages to the organics.  
Recently, films of transition metal oxides (TMO) as tungsten oxide (WO3) or molybdenum oxide 
(MoO3) have been evidenced to function as efficient buffer to prevent organic layers from damages due to 
the sputter deposition process of the top electrode [9][10][11]. Due to the favorable electronic structure of 
these TMOs [12][13][14], they have been widely used for organic solar cells with inverted cell 
architecture [15]. These highly transparent TMOs can be thermally evaporated on top of organic layers 
without introducing damages. The approach of using TMO in inverted OSCs solves the issue of damaging 
the organic layer during sputtering, but most of the sputtered TCOs need a post deposition treatment to 
achieve a high transmission and conductivity at temperatures that could degrade the organic devices. 
Using these TCOs without any post deposition treatment leads to a lower conductivity and therefore 
affects the power conversion efficiency of organic devices if the cell area is increased as described by 
Lungenschmied et al. [16]. 
Multilayer electrodes comprising an embedded thin metal film between two TCO layers have been 
shown to be highly transparent and conductive [17]. Moreover some of these multilayer electrodes 
achieve these characteristics even at a room temperature process, which is suitable in combination with 
organic devices [18] [19] and plastic substrates. 
In this article we will show ZTO/Ag/ZTO (ZAZ) multilayer electrodes and their application as bottom 
and top electrode in inverted organic solar cell devices. The properties of the multilayer electrode as 
transmission, roughness and conductivity are presented. Furthermore we will display the results of 
organic solar cell devices employing this multilayer electrode. 
2. Experimental 
2.1. Multilayer Electrode 
ZAZ structures were deposited on glass substrates (17 × 17 mm², Borofloat) using a rf magnetron 
sputtering system and a thermal evaporation chamber under UHV conditions. The ZTO target had a size 
of 10 cm in diameter and existed of SnO2/ZnO (50:50 at %) with a purity of 99.9 %. The rf process was 
run with a power density of 0.2 W/cm² in a pure argon (Ar) gas atmosphere with an Ar flow of 40 sccm at 
a process pressure of 12 µbar. Base pressure of the system was 10-8 mbar. Sputtering was performed at 
room temperature without any post process treatment. The distance between target and substrate was 
70 mm and substrate oscillation speed was set to 17.1 min-1 angular velocity. Intermediate silver films 
were deposited from a common thermal evaporation system using molybdenum boats at a base pressure 
of 10-6 mbar. ZAZ multilayer films were fabricated without vacuum break.  
Sheet Resistance (Rs) was estimated using Van-der-Pauw and Hall measurement, respectively. TVIS 
was measured by a UV-VIS spectrometer (Perkin-Elmer Lambda 9) in reference to glass substrates. Film 
thickness was measured by a surface profilometer (Veeco Dektak 4). 
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2.2. Polymer solar cell – Device fabrication 
For the solar cells we used an inverted layer sequence with a bottom cathode and a top anode. Figure 1 
displays the solar cell devices used in this study. As substrate, ITO coated borofloat glass or just borofloat 
glass was employed. The borofloat glass substrates were then deposited with the ZAZ electrode as 
described above. We deposited a 12 nm thick interlayer of titanium dioxide (TiO2) by atomic layer 
deposition (ALD) on top of the bottom ITO electrode (substrate temperature of 80 °C) or the ZAZ 
electrode. As precursors we used tetrakis-dimethylamino(titanium_IV) and H2O in a 200 mm ALD 
system (Cambridge Nanotech). 
For the active organic materials, poly(3-hexylthiophene) (P3HT) (supplied by Honeywell Specialty 
Chemicals GmbH, Seelze, Germany) was used as donor and the methanofullerene (6,6)-phenyl C61-
butyric acid methyl ester (PCBM) was used as acceptor (supplied by American Dye Source). The active 
layer of blended P3HT:PCBM dissolved in chlorobenzene and diiodooctane (1:0.02) was spin coated 
under inert atmosphere resulting in a film with a thickness of 200 nm. Subsequently, the active layer was 
annealed at 120 °C for 5 min inside a glovebox. MoO3 layers with a thickness of 40 nm were thermally 
evaporated on top of the active organic layers in a vacuum system (base pressure of 10−8 mbar).  
I-V characteristics were measured by a Keithley 2400 sourcemeter. The photocurrent was measured 
under illumination from a 300 W solar simulator with an AM1.5G filter (Newport Corp). Efficiencies 
were determined without correction for spectral mismatch. 
 
Fig. 1. Semitransparent, inverted solar cells used in this study. 
3.  Results & Discussion 
3.1. Mutilayer electrode ZAZ 
As we have shown previously ZTO has favorable properties as subjacent layer to deposit thin, 
continuous Ag films [20]. Furthermore we described the need for a capping layer on the silver film to 
prevent surface diffusion of the Ag film, which would lead to noncontinuous Ag islands [20]. 
 
 
 
 
 
Fig. 2. AFM image of a ZAZ electrode. 
Figure 2 displays an atomic force microscopy image of a ZAZ multilayer structure. As we use the ZAZ 
electrode also as bottom electrode the surface roughness of the ZAZ structure must be low to avoid 
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electrical shorts. The roughness is 1.8 nm root mean square (RMS), which is suitable for use as electrode 
in organic optoelectronic devices [21].  
Figure 3 shows the transmission of ZAZ multilayer structures with varied thickness of the second ZTO 
layer. Obviously the transmission maxima can be adjusted by using different multilayer structures and 
therefore thickness of the layers can be set allowing a suitable transmission of the electrode for different 
applications in organic electronics. 
Fig. 3. Transmission of different ZAZ structures with varied thickness of the second ZTO layer. 
Table 1 summarizes the electrical and optical properties of some ZAZ multilayer electrodes with 
varied thickness of the layers in comparison to a 140 nm thick ITO electrode. All electrodes were 
prepared at room temperature. Obviously the transmission of ZAZ is somewhat lower or similar to ITO, 
whereas the sheet resistance Rs is is in the same range. These results indicate that the ZAZ electrode 
offers considerable advantages if it is used as top contact on organic devices especially for larger cell 
areas or as contact on substrates that have stability issues at higher temperatures (e.g. plastic substrates). 
Table 1. Electrical and optical properties of a conventional 140 nm thick ITO electrode with thermal post deposition treatment  and 
some ZAZ multilayer electrodes with varied thickness of all layers deposited at room temperature. 
ZTO/Ag/ZTO (nm) Rs (Ω /sq) TVIS (%) 
20/8/20 10 68 
20/10/20 5 67 
39/8/39 9 73 
39/10/39 6 71 
20/8/39 9 82 
conventional ITO (140nm) 10-15 > 85 
 
3.2. Semitransparent solar cell devices 
Figure 4 shows the JV-characteristics of semitransparent solar cell devices with ITO bottom and ZAZ 
top electrode. Recently we have reported on molybdenum oxide as an efficient protection layer to prevent 
damages during sputter deposition on top of an organic solar cell [9]. For ITO deposition on top of this 
organic solar cell we needed a molybdenum oxide thickness of 40 nm to prevent damages. As displayed 
in Figure 5 also for ZTO (ZAZ) deposition a MoO3 thickness of 40 nm is required as devices with thinner 
MoO3 layers suffer from lower fill factors and short circuit current. This is not due to the electrical 
properties of thinner molybdenum oxide interlayers as opaque cells with aluminum top contact even with 
a MoO3 layer thickness of 5 nm exhibit similar values for the fill factor (FF) and short circuit current 
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density (Jsc) as for thicker MoO3 layers (not shown here). Also the work function of ZTO is in the same 
range as Al [22]. This indicates that devices with ZAZ top electrode and lower MoO3 thickness than 
40 nm suffer from a deteriorated charge extraction at the organic/MoO3/ZAZ interfaces.  
Fig. 4. JV-characteristics of semitransparent devices with sputtered ZAZ top electrode and 20 nm and 40 nm thick 
molybdenum oxide buffer layers measured from glass side and ZAZ side (top). 
Fig. 5. Left side: Transmission spectra of semitransparent devices with both ZAZ electrodes and ITO as bottom and ZAZ as top 
electrode. Right side: Photograph of an inverted semitransparent solar cell with ITO bottom and ZAZ top electrode with an 8 nm 
thick Ag interlayer. 
In Figure 5 on the left side the transmission spectra of the devices given in Figure 1 are shown. The 
transmittance is higher in the red region of the visible spectrum due to the absorption features of 
P3HT:PCBM used in this devices as active layer. Also the overall transmittance of the devices with ITO 
bottom contact is higher most likely owing to the higher transmissivity of the thermally treated ITO 
bottom contact compared to ZAZ, which was deposited at room temperature without any post deposition 
treatment. However the cell stack is not optimized yet regarding the maximal transmittance of the cell. In 
Figure 5 on the right side a photograph of a semitransparent cell with an ITO bottom and a ZAZ top 
electrode is displayed. Using this cell design we could achieve a power conversion efficiency of 2.0 % 
(Voc = 0.55 V, Jsc = 7.9 mA/cm², FF = 46 %) for cells with a cell area > 2 cm².  
Table 2 shows the results for semitransparent organic solar cells with ZAZ used for both electrodes. 
Owing to the low sheet resistance of the ZAZ the fill factor remains high even if the cell area is 
quadrupled. Compared to cells with ITO bottom contact the short circuit current density is somewhat 
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lower most likely due to the higher absorption of ZAZ as bottom electrode. In contrast to cells with ITO 
and ZAZ contact the cells with two ZAZ contacts have the same performance independent of the side of 
illumination. The two ZAZ electrodes or the ZTO layers in the ZAZ electrode used in this device are not 
optimized regarding the optical transmittance in the VIS range of the spectra and an optimized absorption 
in the P3HT:PCBM layer.  
However we could show a room temperature processed alternative electrode for ITO as bottom and top 
contact for organic devices. The achieved performance in semitransparent organic devices is comparable 
to conventional ITO, which underwent a thermal treatment at higher temperatures. 
Table 2. Photovoltaic parameters of semitransparent solar cells based on inverted polymer cells with two ZAZ electrodes. 
Illuminated from Cell area 
(cm²) 
PCE (%) Voc (V) Jsc (mA/cm²) FF 
glass side 0.5 1.8 0.54 7.3 46 
glass side 2.2 1.9 0.53 7.2 48 
top side 0.5  2.0 0.54 7.3 51 
top side 2.2 2.0 0.54 7.4 50 
 
4. Conclusion 
In conclusion we have shown a multilayer electrode based on two ZTO layers and an embedded thin 
silver layer as both bottom and top electrode in semitransparent organic solar cell devices. We showed the 
favorable optical and electrical properties as well as the low roughness of ZAZ for an application as 
transparent electrode. Furthermore we used this electrode as bottom and top electrode in semitransparent 
organic solar cells and achieved a power conversion efficiency of 2.0 %. 
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